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I. INTRODUCTION
The advent of organic electronics has allowed the integration of inorganic materials which have good optoelectronic properties. The ability of materials such as quantum dots (QDs) to be deposited from a solution allows one to incorporate them into low-cost optoelectronic devices. Over the last few years several groups have demonstrated such devices. [1] [2] [3] [4] There are various factors that influence the emission from quantum dot light emitting devices (QD LEDs). One of the most important of those is the mechanism for energy and/ or charge transfer to the recombination sites (QDs). This transfer generally takes place either by direct charge injection of electrons and holes or by Forster energy transfer of excitons from organic molecules onto the quantum dots. [4] [5] [6] Anikeeva et al. suggest that the light output from QDs can be increased by confining carriers near the QDs to promote both mechanisms, but asserts that Forster energy transfer is the primary mechanism. 6 Chin et al. suggest that light output is maximized by using an electron transport layer that enhances direct charge injection and reduces Forster energy transfer. 5 In this work, we investigate the charge transfer mechanisms into CdSe quantum dots. In agreement with Chin, we show that carrier confinement increases QD electroluminescence (EL) efficiency. We also find that, for the devices studied here, the optical outputs of the two mechanisms are independent. That is, the total optical output is well described by the sum of the two mechanisms, independent of current injection density. This may be a property of devices in which the Forster mechanism does not change the population of carriers. In such devices, both mechanisms can be combined to increase the amount of light output from hybrid QD LED.
II. EXPERIMENTAL METHOD
Cadmium selenide quantum dots with an outer shell of zinc sulfide were synthesized using the successive ion layer adsorption and reaction (SILAR) method modified from Reiss et al. 7 The SILAR technique deposits a monolayer at a time of the shell on to the core nanocrystals, and gives excellent thickness control. 8 This technique has the advantage of avoiding the nucleation of shell particles, since only one precursor is introduced at a time and the process can be done in the same reaction vessel as the growth. To prepare the quantum dots, a mixture of cadmium oxide (CdO, 0.411 g), dodecylphosphonic acid (DPA, 1.6 g), and hexadecylamine (18 g) in trioctylphosphine oxide or TOPO (8.4 g) was heated to 270 C under a nitrogen atmosphere. A solution of trioctylphosphine:selenium (TOP:Se, 4 ml) in TOP (10 ml) was rapidly injected and the particles were grown for 15 min at 250 C. The solution was then cooled to 220 C for SILAR injections of 0.1 M zinc stearate and sulfur solutions. Each monolayer was grown for 15 min per precursor, for a total of two ZnS monolayers. After completion, the particles were precipitated and washed with methanol, centrifuged, and redispersed in chloroform. Figs. 1(a) and 1(b) show the UV/vis and photoluminescence (PL) spectra of the CdSe nanoparticles. The UV/vis spectrum showed a first absorption peak at 626 nm, corresponding to 5.6 nm nanocrystals. The second and third absorption peaks of CdSe are also visible at 550 and 510 nm, respectively. The PL spectrum showed emission at 635 nm. The substrates used for the fabrication of the devices were glass slides precoated with indium tin oxide (ITO), obtained from Delta Technologies Limited. ITO is a transparent conducting oxide commonly used as an electrode in light emitting devices. In our device, it acts as an anode, injecting holes into the device. Before use the substrates were cut to squares of about half an inch, then cleaned by sequentially ultrasonicating in water, acetone, methanol, and iso-propanol with a N 2 blow dry step after each solvent. After the cleaning, the ITO coated glass slides were exposed to UV-ozone for 10 min to remove any residual carbon contamination from the solvents.
Meanwhile, a solution of N,N 0 -Bis(3-methylphenyl)-N,N 0 -diphenylbenzidine (TPD) (obtained from Sigma-Aldrich Co.) was prepared in chloroform. The suspension of CdSe/ZnS quantum dots in chloroform was added to this solution such that the final concentration of dots was 50 mg/ml and that of TPD was 10 mg/ml. A 50 mg/ml solution of quantum dots in chloroform with no added TPD was also prepared. Poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) (PEDT:PSS) which is available in solution form (with water as a solvent) from H.C. Starck GmbH under the commercial name CLE-VIOS TM P VP CH 8000, acts as a hole transport layer. It was filtered just before deposition using a syringe filter (pore size: 0.2 lm) to remove any particles formed during transport and storage.
Three sets of devices were prepared, one without the PEDT:PSS layer (device 1, Fig. 2 (a)) and two with the PEDT:PSS layer. The two devices with the PEDT:PSS layer had different emission layers, one with a matrix of TPD and quantum dots (device 2, Fig. 2 (b)) and one with just quantum dots (device 3, Fig. 2(c) ). The procedure for three sets of devices was the same except for the deposition of the PEDT:PSS layer. To avoid degradation due to exposure to air and moisture, all of the processing was done inside a nitrogen-filled glove box. A nm thick PEDT:PSS layer was deposited by spin coating at 3000 rpm. It was then baked on a hot plate at 120 C for about 1 h to remove any residual solvent. This bake also hardens the film so that the next layer to be deposited does not affect the morphology of the film. An advantage of using PEDT:PSS layer as the hole transport layer is that it is soluble in water, but not chloroform. The deposition of the next layer from a chloroform solution does not affect the PEDT:PSS film. For device 2, a 40 nm thick film of TPD matrix embedded with quantum dots (emission matrix) was deposited from the solution by spin coating on top of the PEDT:PSS film. For device 3, a film of quantum dots was deposited by spin coating a suspension of quantum dots. In both cases, this was followed by baking on hot plate at 120 C for about 45 min to remove residual solvents. This was followed by the deposition of a 40 nm thick bathocuproine (BCP) film by thermal evaporation of BCP powder (Sigma-Aldrich Co.). BCP acts as the electron transport layer. A stencil mask with 1 mm diameter holes was placed on top of the substrate followed by the deposition of 400 nm thick Al cathodes by thermal evaporation of Al pellets (Sigma-Aldrich Co.). The thickness of the spin coated films was measured using Variable Angle Spectroscopic Ellipsometer (VASE, J.A. Woollam Co.). The thermally evaporated film thickness was measured in real time using a quartz crystal monitor. The power to the deposition boats was controlled such that the deposition rate was constant to get high quality films. The devices were taken out of the glove box just before testing to minimize exposure to air and moisture.
Testing of the devices was done using an Agilent 4156A parameter analyzer attached to two probes: a hard probe (tungsten) and a soft probe (thin gold wire). The hard probe is used to contact the anode and so pierces the deposited films, making contact with the ITO. The soft probe is chosen to make contact with the cathode so that it does not pierce the thin Al layer. As a constant electric current is supplied to the device using the parameter analyzer, the light spectrum is measured using USB2000 spectrometer (Ocean Optics Inc.). The spectrometer is attached using a fiber optic cable, with a core diameter of 600 lm, to the back of the device, so as to collect the light from the transparent side of the device. Care was taken in placement so as to cover the end of the optical fiber completely by the device that was being tested. Fig. 3 shows the height and phase atomic force microcopy (AFM) images of the spin coated mixture of TPD and QDs. Both height and phase images show a uniform pattern. In a similar process, Coe 4 observed extremely smooth (rms roughness 0.57 nm by atomic force microscopy) regions and extremely rough (no value given, but obviously very rough) regions and ascribe the behavior to phase segregation. Our films appear to be uniform, with no observable rough regions. The rms roughness of 300 nm by 300 nm areas varied from 1.6 to 2.1 nm. We take this value to be consistent with individual nanoparticles rather than agglomerates. Although the reason for this difference is uncertain, we note that our suspensions were far more concentrated than those of Coe, 50% by volume rather than 10%. Thus, 
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our analysis assumes a uniform mixture of QDs and TPD in the QD þ TPD layers shown in Fig. 2 . Fig. 4 shows the J-V characteristics of device 1 which is representative of J-V characteristics of other devices as well. The semilog plot in Fig. 4 shows the diode like characteristics of our device. As we increase the applied voltage, the series resistance of the device plays a more significant role and thus the slope of the curve constantly decreases with increasing voltage. ). There are two peaks in the EL spectrum. The peak at 460 nm corresponds to EL from TPD. 9 The peak at 610 nm corresponds to EL from CdSe/ZnS quantum dots. When compared to the PL spectrum, the peak is shifted by about 25 nm. This small shift may be due to different spectrometers being used for measuring solution based PL and solid state EL, or it could be due to some minor oxidation of the QDs when testing them in devices. The EL intensity from TPD is much stronger than that of quantum dots. The inset shows that the ratio of QD emission to TPD emission is almost constant (0.28). Fig. 6 shows the EL spectrum of device with the PEDT:PSS layer (device 2) for three different current densities. Here again two peaks are observed, but this time the intensity of EL from quantum dots is comparable to that of TPD. The inset showing the QD/TPD emission ratio again shows that the emission ratio (1.0) is not dependent on current density. Finally, Fig. 7 shows the EL spectra for three current densities for the device with just the quantum dot layer and no FIG. 5. EL intensity curves at different current densities for device 1. The peak at 460 nm corresponds to EL from TPD and the peak at 610 nm corresponds to EL from CdSe/ZnS quantum dots. Inset shows the QD to TPD emission ratio, which is almost constant at 0.28. TPD (device 3). As expected, there is only one EL emission peak observed at 610 nm, which corresponds to emission from the quantum dots. The intensity of emission increases with increasing current density as one would expect. Fig. 8 shows the band diagram for device 2. The band diagrams of the other two devices can be deduced from Fig.  8 . The carrier transport mechanism can be most easily understood for device 3. Electrons are injected by the Al cathode and transported via the BCP layer to the CdSe quantum dots. Holes are injected by the ITO anode and transported via the PEDT:PSS layer to the quantum dots. Electrons and holes recombine on the quantum dots resulting in the emission spectrum observed in Fig. 7 . There is no possibility of Forster energy transfer from PEDT:PSS layer into the CdSe quantum dots because the bandgap of the quantum dots is higher than that of PEDT:PSS. Thus, the only mechanism of charge transfer into the quantum dots in device 3 is direct charge injection. Fig. 9 shows a comparison of EL from devices 1, 2, and 3 and the sum of EL from devices 1 and 3 at 100 mA/cm 2 . In devices 1 and 2, there is a possibility of both direct charge injection and Forster energy transfer from TPD into the quantum dots. Looking at TPD emission first, we find that the addition of the PEDT:PSS hole transport layer appears to decrease the emission from TPD. This may be due to competition between the emission mechanisms. Indeed, one can clearly see that the QD emission for device 2, where both carrier types are confined near the QDs, is much stronger than it is for devices without the confining layers.
An unexpected result, however, is that the EL emission from the QDs for device 2, which has both TPD and the confining layers, is exactly the same as the EL of the device with only TPD plus the EL of the device with only the confining layer. This is not a numerical fluke. It is true for all values of current density that were measured (see inset). Thus, it can be concluded that the two charge transfer mechanisms in devices 1 and 3 act in parallel to give the light output in device 2. Thus, the EL from quantum dots in device 1 is completely due to Forster energy transfer from the TPD layer. The amount of light output by the QDs in device 1 is limited by the efficiency of Forster energy transfer. This depends on various factors including the materials used and the device configuration as demonstrated by Jing et al.
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Some of the excitons in TPD are transferred onto QDs by the Forster process, some radiatively recombine, and the remaining non-radiatively recombine. In device 2, the amount of light output by QDs is increased as we are no longer limited by the Forster energy transfer efficiency. Here, direct charge injection provides carriers that can radiatively recombine. Hence, instead of competing, these two mechanisms, direct charge injection and Forster energy transfer, act independently to maximize the light output from the QDs (Refs. 5 and 6). The above conclusions are also supported by the band diagram drawn in Fig. 8 . For device 1, the barrier for hole transfer from ITO to CdSe is 1.8 eV, whereas the barrier for hole transfer from ITO to TPD is 0.7 eV. Thus, most of the holes are first transferred into TPD and then, upon formation of excitons, are transferred into the quantum dots via the Forster mechanism. In device 2, there is an intermediate PEDT:PSS layer about 30 nm thick, so the only place for the holes to go is into this layer even though the barrier is 1.7 eV. Once holes are in this layer, they can either go into the CdSe quantum dots by overcoming a small (0.1 eV) barrier or into TPD by losing energy. The holes that travel directly into the quantum dots recombine there and account for the direct charge injection component of the EL intensity, whereas the holes traveling into the TPD layer account for the Forster energy transfer component of the EL intensity.
IV. CONCLUSION
With the help of AFM, it was shown that in our devices phase separation does not take place. By using different device configurations, it was shown that direct charge injection and Forster energy transfer act independently to produce the light output from QDs in a hybrid QD LED where the QDs do not get phase separated from the organic matrix. So, based on our findings and that of Anikeeva et al., 6 we can conclude that depending on the distribution of the QDs in the organic matrix, it is possible to have one or both of direct charge transfer and Forster energy transfer mechanisms play a significant role in the light output of QD LEDs.
